Ferritin is a bionanomaterial that is widely applied in magnetic resonance imaging, drug delivery systems, biocompatible fluorescence, neutron-capture therapy and electrochemical markers. Ferritin also has great potential for use in environmental detection and heavy metal removal due to its hollow cage sequestration and maintenance of iron in a nontoxic and bio-available form. In this study, the heavy metal binding activity of ferritin from Apostichopus japonicus (AjFER) was elucidated using scanning electron microscopy (SEM). It was observed that ferritin aggregation morphology changed dramatically upon exposure to five metals. The reaction systems formed ferritin-Cd, ferritin-As, ferritin-Hg, ferritinPb, and ferritin-Cr aggregations. The aggregations of horse spleen ferritin (HSF) and AjFER are relatively unified rules. The enrichment capacity of ferritin was further analyzed using Inductively Coupled Plasma Mass spectrometry. The contents of Cd 2+ , Hg 2+ , Cr 3+ , Pb 2+ , and As 3+ enriched by recombinant AjFER were higher than that for the standard HSF in ordinary groups. Moreover, the concentration levels of enriched heavy metal ions in groups treated with phosphate were higher than those in ordinary dialysis control AjFER groups. The conformation stability of AjFER binding to different heavy metal ions was determined using Circular Dichroism (CD) spectroscopy, which revealed that the second structure of M n+ -ferritin has relative stability. The affinity of ferritin for metal ions was determined using Isothermal Titration Calorimetry (ITC), and the order of binding constant was Pb-Fer > Hg-Fer > Cd-Fer > As-Fer > Cr-Fer. The ion channel was measured using site-directed mutagenesis, which revealed that heavy metal ions primarily enter the protein cage via a three-fold channel and that the ferroxidase center may be one of the key sites for metal ion diffusion into the interior of the protein shell.
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Introduction
Heavy metal contamination has become one of the most serious environmental issues in recent years because of the ubiquity, difficult degradation, and easy accumulation of heavy metal pollutants, particularly in the marine environment, which has received global attention. Heavy metals can accumulate in the body and eventually lead to health issues. 1 Heavy metals also threaten littoral and marine surroundings when industrial sewage and sediments are discharged into the ocean. 2, 3 In recent years, many techniques for heavy metal elimination have been researched, including chemical and biological methods. Chemical approaches include precipitation, 4 ion-exchange, 5 adsorption, 6 membrane ltration, 7 coagulation occulation, 8 otation, 9 and electrochemical 10 methods. However, these approaches oen have many limitations, such as high costs, secondary pollution, byproducts, and harsh reaction conditions. The bio-absorption of heavy metals from the environment is a relatively new approach that was shown to be very promising for the elimination of heavy metal ions. These bioabsorption materials include non-living, 11 algal, 12 and microbial 13 biomasses. Despite these materials' inexpensive price and effective adsorption, unfortunately, these studies remain in experimental phases. Moreover, it is difficult to isolate biosorbents aer adsorption.
Apostichopus japonicus is a marine animal that belongs to Echinodermata, Holothuroidea, Aspidochirotida, Stichopodidae. A. japonicus is primarily detected on the coast of the Yellow Sea and the Bohai Sea in China, which is rich in sea grasses. The water depth in these areas is commonly 3 to 5 meters. Most young Apostichopus japonicus live in the intertidal zone or in eelgrass growing on ne sediment bottoms, which have a higher metal ion concentration. Articially bred A. japonicus exist in the bottom of shrimp ponds, where the content of heavy metals is oen higher than that in the ocean. Zhang et al.
14 studied the effect of Cd 2+ and Cu 2+ treatment on ferritin expression, revealing that ferritin mRNA from Exopalaemon carinicauda is primarily expressed in the hepatopancreas and that its expression is signicantly upregulated at different periods of time aer the exposure of shrimp in Cu 2+ and Cd 2+ aqueous solution. Liu et al. 15 also reported that ferritin expression is associated with heavy metal stimulation. Here, the ferritin gene from Apostichopus japonicus was recombined and overexpressed, and the functional characterization of recombinant ferritin was elucidated.
Ferritin is composed of a protein shell with highly symmetrical subunits and of an iron core, which includes thousands of iron phosphate molecules. [16] [17] [18] Ferritin is composed of 24 identical monomers, typically with high 432 symmetry. This geometry results in 6 four-fold, 8 three-fold, and 12 two-fold channels. These channels and their nature depend on the subunit type and source. 19 In eukaryotes, the three-fold channel is a hydrophilic channel that connects the internal cavity with the outside environment. There are two three-fold negative amino acid rings situated on the D helix of the ion channel. Calculations of electrostatic surface potential revealed a negative electrostatic funnel that can attract many metal ions, such as Ca, Zn, Mn, Fe, and Mg. 20 The unique shell of ferritin has also been employed as a protein cage to synthesize bionanomaterials. 21, 22 The ferritin shell can also be utilized as a template to prepare nanoparticle tags with distinct voltammetric signatures. 23 Under specic in vitro conditions, metal compounds (FeS and CdS) and radioactive materials (uranium and nuclear energy) have been successfully assembled into the ferritin nano-space. 22, [24] [25] [26] [27] In addition, the internal cavity of ferritin can absorb heavy metal ions, such as iron and small organic molecules. 28, 29 Heavy metal binding sites are widely distributed throughout the interior and exterior of ferritin, including the inner and outer surfaces of the protein cage, two-and three-phase iron phosphate core surfaces and the deep iron tunnel. 30, 31 Thus, ferritin can be used to store excess metal ions in the body and prevent metal ion poisoning. 32, 33 Using recombinant ferritin to eliminate heavy metal ions from water can decrease the cost of secondary contamination.
34
Ferritin can be extracted and puried from animals or plants. [35] [36] [37] However, this method is costly and not feasible for large-scale production. The present study aimed to isolate and characterize a new ferritin from the A. japonicus cDNA library constructed in our laboratory. 38 Changes in terms of the morphology of the ferritin following heavy metals uptake were determined using scanning electron microscopy (SEM). The ability of isolated ferritin to take up heavy metals under in vitro conditions was compared with that of HSF using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). We also evaluated the uptake efficiency of isolated ferritin following phosphate treatment. The secondary structures of refolded AjFER and standard HSF and M n+ -AjFER were determined using Circular Dichroism (CD) spectroscopy. The affinity of ferritin for metal ions was also characterized using Isothermal Titration Calorimetry (ITC). The main heavy metal ion channels were roughly conrmed by amino acid site-directed mutagenesis. The present study is expected to provide a foundation for developing a biological material for heavy metal ion removal. 39 A positive clone was incubated overnight at 37 C at 120 rpm, and aer the culture reached an OD 600 ¼ 0.6 to 0.8, 1 mM isopropyl b-D-thiogalacto-pyranoside (IPTG) was added to induce AjFER expression for an additional 12 h. Ferritin was puried using a Ni-NTA affinity column. The expression and puried products were further incubated in GSH/GSSG buffer (50 mM Tris-HCl, 1 mM EDTA, 50 mM NaCl, 10% glycerol, 1% glycine, 2 mM reduced glutathione, and 0.2 mM oxide glutathione, pH 8.0) with a stepwise decrease of urea with the order of 6 M, 4 M and 2 M overnight at 4 C to promote puried protein refolding and obtain AjFER with biological activity. The obtained activated AjFER was incubated in buffer solution (25 mmol L À1 Tris-HCl, 150 mmol L À1 NaCl, pH 8.0) with 0.5 U mg À1 thrombin at 25 C for 2 h so as to remove the his-tag.
Enzyme-digested products was separated by Sephacryl S-300 HR column equilibrated with 150 mmol L À1 NaCl at pH 8.0. The collected AjFER was examined by SDS-PAGE.
Functional characterization of AjFER
Ordinary heavy metals treatment. To determine the heavy metal uptake capacity, 2 mL of AjFER and 2 mL of horse spleen ferritin (HSF) (Sigma, Beijing, China) (20 mg mL À1 ) were dialyzed with 100 mL of 2 mM CdCl 2 , HgCl 2 , CrCl 3 , Pb(NO 3 ) 2 , and AsCl 3 (pH 5.5) at 4 C for 12 h, according to the preliminary experiments. Subsequently, 2 mL of each mixture was dialyzed in 10 mM 2-morpholinoethanesulfonic acid (MES) to remove the heavy metal ions that were not adsorbed. The liquid ows were maintained using a magnetic stirrer, and the solution was replaced once every 4 h. Phosphate stimulation. AjFER and HSF were dialyzed with a 100-mL solution containing 2 mM CdCl 2 , HgCl 2 , CrCl 3 , Pb(NO 3 ) 2 , and AsCl 3 (pH 5.5) for 12 hours, then replaced with 2 mM phosphate buffer saline (PBS), and nally dialyzed with a solution containing 10 mM MES and 150 mM NaCl, pH 5.5, to remove the unabsorbed heavy metal ions.
SEM analysis
AjFER and HSF treated with ve metal ions were evenly smeared onto the surface of pretreated mica sheets and dried for 4 days at room temperature (environmental humidity, 5%). 39 The surface morphologies were observed using scanning electron microscopy (SEM) (S-3400N, Hitachi, Japan) with a 40-mm probe distance, 30 sample inclination, 21-mm working distance, and 100-s analysis time.
ICP-MS analysis
A total of 15 ferritin groups (ten ordinary groups and ve phosphate-stimulated groups) enriched with heavy metals were collected from dialysis and each group was subjected to ve repeated trials. The concentration of ferritin sample was determined by using BCA kit (Sangon, Shanghai, China). For microwave digestion, 1 mL of each ferritin sample was accurately transferred directly to a polytetrauoroethylene digestion vessel. The micro-wave digestion parameters were based on our previous work. 39 Sample blanks were also prepared using the aforementioned full analytical procedure, except for sampling and analysis. The calibration standard solutions were prepared using a 10 mg L À1 multi-element standard solution (CLMS-2AN, Spex, CA, USA). All reagents were of analytical grade or better.
For sample dilution and preparation of the standards, we used ultrapure water (MilliQ, Millipore). The data were then subjected to one-way analysis of variance (ANOVA). Differences were considered signicant at P < 0.05. The molar ratio of metal ions vs. ferritin (M n+ /protein) can be calculated since the contents of metal ions binding to Ajfer per unit volume can be determined by ICP-MS, and the contents of AjFER per unit volume can be determined by BCA kit.
Circular dichroism analysis
CD was performed using a JASCO J-815 CD spectrophotometer in the far UV range of 260-190 nm at room temperature using a 0.1 cm quartz cuvette. The obtained results were analyzed using the CDPro soware, and the proportions of a-helices, b-sheets, b-turns and unordered conformations in the protein were obtained.
Isothermal titration calorimetry analysis
High-sensitivity ITC experiments were conducted at 25 C using a MicroCal ITC200 (Malvern Instruments). The M n+ solution was prepared in a buffer containing 25 mM MES, pH 5.5, and 150 mM NaCl. A large number of pre-experiments of titration of metal ions to ferritin was performed so as to obtain the suitable titration concentration, since it is a complex binding reaction of metal ions binding to ferritin. 
Preparation of mutants
In a previous study, the ferroxidase center sites and ion channels were predicted using the SMART procedure. 38 The results indicated that the ferroxidase center was composed of Glu-25, Tyr-32, Glu-59, Glu-60, His-63, Glu-105, and Gln-139, and the ion channels was composed of His-116, Asp-129, and Glu-131. The mutant ferroxidase center (S1) (E25A, Y32A, E59A, E60A, H63A, E105A, and Q139A) and ion channels (S2) (H116A, D129A, and E131A) were prepared using gene synthesis.
Results

Recombinant expression of AjFER
The lysate was analyzed using SDS-PAGE. Obvious protein bands with a molecular weight of 24 kDa were detected aer IPTG induction (Fig. 1A and B) and could be puried to homogeneity using HiTrap Chelating Columns. The result was consistent with the theoretical molecular mass of a subunit. Moreover, the content of overexpressed recombinant ferritin increased with time. The expression of recombinant ferritin peaked at 5 h aer adding IPTG to the culture. A single protein band was observed aer purication using Ni-NTA. Native-PAGE was used to characterize the multi-subunit refolding and recombination (Fig. 1C) . A protein band with a molecular weight of 576 kDa was observed in lane 1, indicating that 24 monomers were packed together. As treated with thrombin, the His-tage was removed from obtained overexpressed ferritin. A protein band with a molecular weight of 20 kDa was observed in lane 2, indicating that His-tage were removed from ferritin (Fig. 1D ).
Morphological characterization of recombinant ferritin following different treatments
As shown in Fig. 2A , the aggregation of recombinant AjFER in the negative group exhibited divergent spherical shapes with cage-like morphologies. The HSF aggregated close together, forming a lattice (Fig. 2B) . Each HSF aggregate in the negative group was similar, with sizes ranging from 1 to 2 mm. In contrast to HSF, the AjFER aggregates were approximately 5 mm in size. Aer treatment with different heavy metals, the surface morphology of the HSF and AjFER aggregates changed dramatically. Different metals resulted in different surface morphologies. In the Hg 2+ treatment groups ( Fig. 2C and D) , the aggregation monomers of HSF and AjFER adhered together like a honeycomb. The edge shapes of the aggregation were fuzzy. The two kinds of ferritin aggregations exhibited adhesion in a honeycomb shape aer absorbing Cr 3+ ( Fig. 2E and F) . The edge of the aggregation was not obvious. Aggregations with larger monomer sizes gathered into a honeycomb with holes containing an extensive amount of small ferritin aggregations.
In the Pb 2+ treatment groups ( Fig. 2G and H) , the ferritin aggregates were ellipsoid with non-uniform sizes. Some of the aggregate adhered together, also with a single aggregate. In the As 3+ treatment groups ( Fig. 2I and J) , the aggregates formed an irregular block layer, which adhered to the surface of irregular similar layers. Compared to HSF, the coverage of recombinant AjFER aggregations was more intense in the ve metal treatment groups. In addition, the aggregations were larger in the Pb 2+ treatment groups than in groups treated with other metals.
In the Cd 2+ treatment groups ( Fig. 2K and L) , the aggregates of HSF and AjFER were present in the form of small and uniform sphere piles.
Quantitative analysis to determine heavy metal enrichment capacity
ICP-MS analysis was used to further conrm the content of heavy metal elements enriched by AjFER. As shown in Fig. 3 . The enrichment of the ve heavy metals in recombinant AjFER was higher than that in standard HSF (P < 0.01) in the ordinary group. The concentration of heavy metals in the ordinary dialysis control groups was lower than that in the phosphate-stimulated groups (P < 0.05). The contents of Cd, As, Hg, Pb and Cr in ordinary groups are 1139.5, 234.2, 87.8, 84 and 8.2, respectively. While the enrichment of metal ions increased obviously in phosphate-stimulated group and the contents are 1566.7, 507.5, 148.1, 141.3 and 25.8, respectively. The PBS may contribute to form the metal ion core that attract more metal ion entering into the inner of protein cage.
Secondary structure determination
To further describe the conformational changes of ferritin in the presence of heavy metal ions, CD spectra were examined. As shown in Table 1 , the contents of the secondary structure in the native AjFER group were similar to those of the HSF group, indicating that recombined AjFER has a similar secondary structure. Cd-AjFER, Cr-AjFER, As-AjFER, Pb-AjFER, and HgAjFER were also prepared and the contents of the secondary structure show that the main variations were observed among a-helices, b-turns, and random coils. The number of a-helices in the treatment group decreased, whereas the number of random coils generally increased compared with the native ferritin group, indicating a change in conformation, possibly because the a-helices transformed into random coils. Among the treatment groups, there were also differences in the secondary structure, indicating that metal species have different inu-ences on structures. In particular, the conformation of PbAjFER changed the most, for which the b-sheet increased by 13.1% and the random coils decreased to 19.3% from 28.3%, suggesting that Pb 2+ has a larger effect on AjFER.
ITC of M n+ binding to AjFER
Isothermal titration calorimetry (ITC) has widely been used to measure interactions between metal ions and biomolecules, such as amino acids, peptides, and protein. [41] [42] [43] ITC is the most quantitative technique used to determine the thermodynamic properties of any biochemical reaction. The raw data from Fig. 4 show an exothermic reaction of Cd 2+ , Pb 2+ , Hg 2+ , As 3+ , and Cr 3+ binding to AjFER, as negative peaks correspond to an endothermic reaction. This nding was also reected by the negative enthalpy value shown in Table 2 . Gibbs free energy (DG) was calculated to represent the direction of the reaction. The value of DG in Table 1 was negative, indicating a spontaneous reaction favorable for the combination of protein with metal ions. Fig. 4A shows an apparent two-inection point. Accordingly, a model of two sets of independent binding sites was used to t a curve to the data for Cd-AjFER. For Cd-AjFER, both strong and weak binding classes were observed with AjFER (Fig. 4A , Table  2 ). The stoichiometry of the strong binding class was $11 molar equivalents per protein, and the weak binding class was $39 molar equivalents per protein. The other metal ions showed only one inection point, and the data for the other metal ions were used to curve t a model of one set of independent binding sites ( Fig. 4B-E) . The derived parameters for the binding sites of different metal ions are summarized in Table 2 . The binding constant is used to characterize the affinity between metal ions and proteins. Table 2 shows obvious affinity differences of M n+ -FER, with the following order: Pb-Fer > Hg-Fer > Cd-Fer > As-Fer > Cr-Fer. These results suggest a strong affinity of AjFER to Pb 2+ and a relatively weak affinity of AjFER to Cr 3+ . The binding constant of Cd-Fer was close to that of As-Fer. These results are consistent with the observed changes in secondary structure.
M n+ binding to AjFER variants
Ferritin is composed of 24 identical subunits, forming a caged structure with an internal diameter of 8 nm, which can accommodate $3500 ions. The arrangement of subunits forms three small molecule channels, including a two-fold channel, a three-fold channel, and a four-fold channel, on the surface of the protein cage. In eukaryotes, the three-fold channel is the main protein cage for small molecules. 44, 45 To further verify the ion channel and location of heavy metal ion binding to protein, in the present study three-fold-symmetry channel variants (S1) and ferroxidase center variants (S2) were prepared. The overexpressed and puried variants and native AjFER (control group) were treated with ve metal ions under the same conditions. As shown in Fig. 5 , the metal ion enrichment of variant S1 was obviously decreased compared with the control group (P < 0.01), suggesting that three-fold channels are the main channels of heavy metal ion sequestration into the protein cage. The content of the ve metal ions binding to variant S2 also decreased (P < 0.05), suggesting that the ferroxidase center can bind metal ions.
Discussion
The binding activity of AjFER for different heavy metals was investigated using scanning electron microscopy (SEM) because of the sensitivity and selectivity of this technique. [46] [47] [48] [49] Aer purifying recombinant AjFER, the vast majority of subunits in AjFER were detected as free peptide chains. Inclusion bodies solubilized in the presence of urea were diluted with denaturation solution, and the bioactive recombinant AjFER was released. The morphology of recombinant AjFER and natural HSF was similar. The shapes of some ferritin aggregations were irregular, with a small amount of ferritin fragments. The addition of metal ions, as a result of combinations with metal ligands and interactions between amino acid side chains, such as hydrophobic bonding, hydrogen bonding, van der Waals force and electrostatic effects, signicantly inuenced ferritin folding. 26, 50, 51 These factors gradually increased the number of subunits constituting ferritin, thereby increasing the thickness of the protein shell. Several space changes were observed in ferritin, with the surfaces forming several large gaps. However, metal ion hydrations may destroy the ferritin hydration layer, making ferritin intermediates easier to fold. The stronger the metal ion hydration, the greater the role in promoting the formation of ferritin metal aggregations. Eventually, the reaction systems formed ferritin-Cd, ferritin-As, ferritin-Hg, ferritinPb, and ferritin-Cr aggregations. The ICP-MS technique has widely been used for the determination of metal elements because of its high level of sensitivity and capability for multi-element analysis.
52-54 ICP-MS has commonly been used to determine the geographic origin of medicinal herbs, minor and trace elements in aromatic spices, and agricultural crops. [55] [56] [57] In this study, AjFER was expressed and puried based on a previous study, and then, the recombinant ferritin was characterized according to enrichment level aer exposure to different heavy metals. The heavy metal elements enriched by AjFER were analyzed using ICP-MS to better understand the role of the AjFER in heavy metal detoxication.
The bioactive Apostichopus japonicus ferritin was obtained using a restructuring technique. AjFER absorbed several types of heavy metals, and the concentrations of different metals were all greater than those of horse spleen ferritin. The exible adjustment of the ferritin protein shell and the combination of the close degree between protein subunits play important roles in the physiological functions of ferritin.
58-60 Recombinant AjFER, without iron core framework support, may be more exible and show increased plasticity, thus providing more enrichment of heavy metals. Different heavy metal ions have different atomic radius sizes, and the numbers of nuclei are also different. Moreover, when the metal ions pass through ferritin ion channels, the different valences and redox abilities may cause different changes in internal ferritin factors.
33,50 These factors could lead to different metal ion concentration levels.
Iron absorption and ferritin release are controlled by the complex phosphorus iron structure on the surface of the iron core. [61] [62] [63] The rate of iron release is associated with the reducing agent and formation of the iron core. 61 Medium H + and OH À not only participate in the composition of the iron core but also combine with amino acids on the inside and outside of the protein shell surface, thus affecting the conformation and the exible adjustment ability of the protein shell. 33 The phosphate groups distributed throughout the ferritin shell increase the electrostatic repulsion between protein molecules, enabling more favorable dispersion in solution. 64 In addition, the metal phosphate seed is an auto-catalyst, and metal phosphate will be rapidly developed in the ferritin cage. 23 Our results were consistent with the theory that recombinant AjFER, which is more exible and shows more plasticity, is more attractive to heavy metal ions than HSF. Phosphate stimulation can increase the concentration of metal ions in AjFER compared with the ordinary dialysis control groups.
Circular dichroism is a spectroscopic technique that is broadly used for assessing macromolecular interactions and conformational changes in solution. 65, 66 In this study, we determined the secondary structure of ferritin aer refolding, using standard HSF as a comparison sample. The results suggest that activated AjFER can be obtained using a stepwise decrease of urea. Because of its corrected secondary structure, Native-PAGE revealed that 24 subunits were successfully packed together through intermolecular forces. The metal-ferritin conformation was also examined using CD spectroscopy. The results showed that the a-helices in the metal ion-treated group decreased. It is likely that the metals bound to ferritin may shi the ferritin conformation toward disordered. Ferritin cages are formed by arrays of self-assembling four-helix bundles, 67 and metal ion binding sites are primarily located on a-helices in ferritin, as revealed in the crystal structure. [67] [68] [69] Heavy metal ion binding with amino acid residues on helices may be the main reason for the decrease in a-helices. For Pb-AjFER, the b-sheet 71 examined the affinity of ferritin to Zn(II) and Tb(III) using ITC, revealing that three-fold channels in ferritin strongly adsorb Zn(II) and Tb(III) and the ferroxidase center weakly adsorbs Zn(II) and Tb(III). This inconsistence may be caused by the different properties of different metal ions and different microenvironments of different proteins. Since ITC directly measures the total heat ow, all processes occurring upon the addition of the titrant will contribute to the measured enthalpy. Therefore, the details of heat contribution from specic amino acid residues should be described using protein crystallization technology and site-directed mutagenesis in future studies.
Many mutagenesis studies in terms of ferritin have been performed. [72] [73] [74] Wade et al. prepared glutamic acid residue mutagenesis in the shell of human ferritin and assessed their role in iron core development. 73 In this study, the mutagenesis of key amino acid residues inside the ferritin cage was conducted, and their roles were explored. Here, we found that heavy metal ions penetrate into the ferritin shell via three-fold channels where amino acids H116, D129, and E132 are located. These amino acids residues play crucial roles in metal ion adsorption. The channel is composed of two three-fold highly conserved negative amino acid rings. The three Asp residues from three different subunits form the inner layer close to the shell interior, and three Glu residues form the middle layer in the ferritin shell before funnel opening. Calculations of the electrostatic surface potential indicated the existence of a negative electrostatic funnel that allows the attraction and insertion of many divalent ions, such as Fe, Ca, Zn, Mg, and Mn. 20 Molecular diffusion research in human heavy chain ferritin and horse spleen ferritin veried this nding and elucidated the penetrability of the ferritin cavity to small molecules via the three-fold channels.
44,45 A thermodynamic Metal ions concentration was determined by ICP-MS and protein concentration was determined by BCA kit. Control represents native AjFER, S1 represents the three-fold channel variant, and S2 represents the ferroxidase center. Data are expressed in terms of the means AE the S.D. **P < 0.01 S1 group vs. control group. ## P < 0.01 S2 group vs. control group.
study in terms of three-fold channel mutants has veried an iron ion channel in the cavity, indicating that the binding ability for Fe 2+ decreased. 41 The ferroxidase center is composed of two iron sites, FeA, including Glu-27, Glu-65, and His-62, and FeB, including Glu-107 and Glu-62. In this study, theoretically, the amount of metal ions bound to the ferroxidase center variant should decrease by 48 metal atoms per mutant cage at most. Notably, the amount of metal ions was reduced by more than 48, with the exception of Cr 3+ . These results indicate that ferroxidase center sites may contribute to metal ion migration from the entrance of three-fold channels to the inner protein cavity.
Conclusions
We characterized recombinant AjFER from Apostichopus japonicus with heavy metal detoxication activity. This study indicated that AjFER showed an advantage in the enrichment capacity of Cd
2+
, Hg
, Cr
3+
, Pb 2+ and As 3+ compared with standard HSF. In addition, the content of heavy metals showed a marked increase in phosphate-stimulated groups over the control group. The affinity of ferritin to different heavy metal ions was Pb-Fer > HgFer > Cd-Fer > As-Fer > Cr-Fer. The heavy metal ions primarily entered the ferritin shell via three-fold channels composed of three key amino acid residues H116, D129, and E132. The ferroxidase center, including E25, Y32, E59, E60, H63, E105, and Q139, contribute to the enrichment of heavy metal ions. These studies provide a signicant theoretical basis for the development of materials for heavy metal ion removal.
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